The effect of a hydrophilic layer of graphene oxide on polysulfone membranes was investigated to improve the antifouling properties of the membrane in ultrafiltration. Polysulfone membranes were obtained by the phase inversion method. Polyvinylpyrrolidone was added to generate pores in the membranes, and then a layer of graphene oxide was deposited on the prepared membranes using a vacuum-assisted filtration technique. This study investigated the cross-section/surface morphology, the water-contact angle, and the chemical structure of the prepared polysulfone/graphene oxide membranes. Due to the highly oxygenated structure of the graphene oxide, the surface hydrophilicity of the polysulfone membrane was significantly increased by applying a layer of graphene oxide. Moreover, the antifouling abilities of the membranes were evaluated by comparing the water-flux recovery ratio between the pure water flux before and after ultrafiltration.
Introduction
During the last few decades, ultrafiltration technology has received increased attention due to its numerous advantages; for example, it has no phase changes, has low operating pressures, and employs ambient or relatively low operation temperatures [1] . Polysulfone (PSU) has been widely used as an ultrafiltration membrane due to its good thermal and chemical stabilities.
However, the hydrophobic surface of PSU membranes induces severe fouling when exposed to protein-containing solutions [2] . This fouling reduces the flux of the membrane and increases operation costs by requiring an extra step in the cleaning process [3] . A major reason that proteins tend to adsorb onto the polymer membrane is due to a hydrophobic interaction between the surface of the membranes and the protein molecules [4, 5] . Therefore, membrane fouling can be mitigated by modifying the hydrophobic membrane surface so that it can become more hydrophilic [6] .
Based on this concept, many approaches have been tried to improve the hydrophilicity of PSU membranes. Polyethyleneoxide (PEO) and polyvinylpyrrolidone (PVP) have been added to increase hydrophilicity and improve the antifouling property of PSU ultrafiltration membranes [7, 8] . In addition, efforts have been made to incorporate hydrophilic inorganic materials, such as titanium dioxide (TiO 2 ) [9] , silica (SiO 2 ) [10, 11] , alumina (Al 2 O 3 ) [12] , and zirconium dioxide (ZrO 2 ) [13] into the PSU matrix. Chemical modifications of PSU have been investigated as well, such as plasma treatment [14] , sulfonation [15] , and immobilization of hydrophilic segments onto polymers [16] . Unfortunately, only a marginal improvement in membrane antifouling properties and filtration efficiency has been accomplished due to minor enhancements in surface hydrophilicity [15] . Moreover, these methods have a limited capacity to increase the amount of nanoparticles and disperse them in the membrane casting solution.
In recent years, carbon nanomaterials, including carbon nanotubes and graphene, have been adopted as a new type of nanofiller to improve separation performance, mechanical strength, and thermal stability of polymer-based ultrafiltration membranes [17] [18] [19] . However, since these fillers inherently are hydrophobic, they cannot enhance the antifouling ability of the membranes.
In contrast, graphene oxide (GO), an oxidized graphene, contains polar groups (hydroxyl and epoxide functional groups) on its basal planes, and carbonyl and carboxyl groups at the sheet edges; thus, GO easily can be dispersed into a polymer matrix because of its strong interactions of the polar functional groups with polymer chains [20] . Thus, when used as a nanofiller in polymer membranes, GO is expected to enhance the mechanical strength and thermal stability of the membrane and also improve the wetting properties of the hydrophobic polymer membrane due to the presence of its hydrophilic functional groups [21, 22] .
This study introduced a layer of GO onto PSU to improve hydrophilicity and antifouling abilities of the membrane. First, the PSU membrane was prepared by adding PVP, using a phase inversion method; then, a layer of GO was deposited on the membrane by means of a vacuumassisted filtration technique. The GO layer was expected to perform as a pre-filter of the prepared PSU membrane, which would prevent fouling on the membrane surface. Scanning electron microscopy (SEM) was employed to characterize the cross-section morphologies of the prepared membranes. Hydrophilicity of the membrane surfaces was characterized by measuring water contact angles. Furthermore, the antifouling ability of the prepared membrane was investigated by comparing the water flux recovery ratio (FRR) before and after ultrafiltration of the protein solution.
Experimental

Materials
PSU (M W = 35,000, Fig. 1 
Preparation of GO
Natural graphite (10 g) was mixed with sulfuric acid (250 mL) in an ice bath, and then potassium permanganate (30 g ) was added to the mixture while stirring. The mixture was reacted for 2 hours at 35 °C. Then, the reaction mixture was cooled to room temperature and diluted with of DI water (1 L). At that point, hydrogen peroxide (30 mL) was added to the mixture, and stirred for 20 min to remove impurities. The mixture was washed thoroughly with hydrogen chloride solution (5 % in DI water) and DI water, several times. Subsequently, the mixture was collected and dried. GO dispersion was prepared by ultra-sonication resulting in a mixture of GO (50 mg) in DI water (50 mL) for 4 hours. The resultant dispersion was centrifuged (Combi-514R, Hanil Biomed Inc.) at 3,000 rpm for 15 min. After centrifugation, decantation was carried out by means of pipetting off the top 15 mL of the dispersion. Finally, the GO dispersion was prepared at a concentration of 0.1 mg/mL.
Preparation of PSU and PSU/GO membranes
PSU membranes were prepared by the phase inversion method as shown in Fig. 2 [7, 8] . PSU was the membrane matrix, and PVP was the membrane modifier as well as the pore-generating agent.
PSU was dissolved in NMP and stirred at 60 °C for 4 hours. At that point, various amounts of PVP were added and the PSU solution was stirred at 60 °C for an additional 4 hours. In order to eliminate bubbles in the solution, a vacuum was applied for 30 min. The solutions were cast on glass plates with a casting knife, and then immersed in a coagulation bath of DI water. In order to reduce error during phase inversion process, the volume and temperature of water bath were equalized. Subsequently, the pristine membranes were peeled off, and were washed thoroughly with DI water to remove residual solvent. These prepared membranes (a wet thickness of approximately 150 μm) were kept in DI water until used. Fig. 3 shows that preparation of the PSU/GO membrane. This was carried out by vacuum filtration of the GO dispersion (2 mL) by using the as-prepared PSU membrane (10 wt. % of PVP). The hydrophilic groups in the GO and membrane surface have been reacted through hydrogen boding reaction [23] . After this, extra GO was washed out with DI water to consolidate the layer of GO by eliminating weakly deposited GO. Details about types of samples and their compositions that were used in this experiment are summarized in Table 1 . 
Characterizations
Measurements from X-ray photoelectron spectroscopy (XPS) were performed using a The water contact angle, measured by a contact angle analyzer (Attension Theta, Biolin Scientific) was used to evaluate the hydrophilicity of prepared membranes by the sessile drop method of DI water (20 µL). Membrane porosity (P r ) was calculated by the dry-wet weight method, as follows:
( 1) where m w is the wet membrane weight (g), m d is the dry membrane weight (g), ρ is the density of distilled water (0.998 g/mL), A is the membrane area (1 cm 2 ), and L is the approximate membrane thickness (150 µm).
Ultrafiltration experiments
Prepared membranes were characterized using a dead-end stirred-cell filtration system that was filled with DI water or a protein solution as well as applied pressure (feeding nitrogen gas). The After ultrafiltration of the protein solution, the membranes were washed with DI water for 10 min, and the water flux of the cleaned membranes -J w2 [L/(m 2 ·h)] -were measured again. In order to evaluate the fouling-resistant ability of the membranes, the FRR was calculated using the following expression:
Results and discussion
Fig . 4a shows the SEM image of the GO sheets, where the folded and wrinkled features of the two-dimensional thin GO sheets had a width of more than several micrometers. Figs. 4b and 4c compare the C1s narrow scans of the GO sheets and graphite from the XPS analysis. The spectra of the GO (Fig. 4b) consisted of two prominent components that arose due to the C-C bonds at ~284.6 eV and to the C-O (hydroxyl and epoxy) bonds at ~286.5 eV as well as other minor components that result from various oxygenated carbon atoms, such as C=O and O=C=O at ~288.1 and ~289.6 eV, respectively [24] . Before the oxidization process (graphite), the intensity of the C-O component was significantly lower than that of the GO (Fig. 4c) . The XPS analysis indicated that the prepared GO had a hydrophilic character because of the high oxidization with hydrophilic functional groups. and non-solvent due to diffusion causes the casting solution to undergo a phase transition, through which the membrane is formed [1] . The pristine PSU membrane has a finger-like structure with a large number of macrovoids forms, as shown in Fig. 5(a) . When increasing concentration of PVP, a finger-like structures are transformed to sponge-like structures. From these image, it is clear that the finger-like structures in the prepared membranes are suppressed by the addition of PVP. The viscosity of prepared casting solution was increased that can be attributed to increased concentration of PVP. As a result, the mutual diffusivities between components in the solution have less activated. These results are in accordance with previously reported articles [25, 26] . Figs. 5e and 5f show the surface morphology and photograph (inset) of PP10 and PSU/GO membranes, respectively. The PSU/GO membrane had the folded and wrinkled features of two-dimensional thin GO sheets in the in-plane direction, and had a slightly brown color by well-deposited GO on the PP10, as shown in Fig. 5f . (Fig. 6d) , which suggests that the hydrophilic layer formed on the surface of the membrane due to hydrophilic functional groups of the GO. Figs. 7(a-d) show the water contact angles of PP0, PP10, PP20, and PSU/GO membranes.
Surface hydrophilicity is an important factor in determining the antifouling property of the ultrafiltration membranes. The lower contact angle represents the hydrophilic nature to wet the membrane easily, higher surface energy, and higher hydrophilicity [28] . Among all the membranes were tested, the pristine PSU membrane (Fig. 7a) shows the higher hydrophobic character with a higher contact angle of about 79.12° than others. The water contact angle decreased as the amount of PVP increased, since hydrophilic functional groups were introduced to the surface of the hydrophobic PSU membrane. Fig. 7b and 7c show that the addition 10 and 20 wt. % of PVP in the PSU solution decreased the water contact angle of the membranes to 63.15° and 61.39°, respectively. When a layer of the hydrophilic GO was applied on the membrane surface, the water contact angle was further decreased to 42.72° (Fig. 7d) . Thus, a deposited layer of GO on the PSU membrane maximized the hydrophilic character of the prepared membrane by associating the hydrophilic functional group of the GO sheets, as seen from the XPS and FT-IR results. Fig 7e summarizes the results of the contact angles of the prepared membranes. respectively. The hydrophilicity effect of PVP could increase the solvent and non-solvent exchange during the phase-inversion process [29] . On the other hand, when 20 wt. % of PVP was added to the casting solution, the viscosity might be increased. This causes a slow exchange rate between the solvent and nonsolvent and resulting in a lower porosity. Chakrabarty et al.
reported that the addition of an additive into the casting solution may increase the viscosity of the casting solution [30] . Also, similar observation has been reported by Yu et al. [31] . proposed that some protein molecules may deposit on the membrane surface or clog the membrane pore [32] . PP10, PP20, and PSU/GO had FRRs of 85.6%, 77.4%, and 90.4%, respectively. Although PSU/GO membranes showed a lower initial flux than PP10, the higher hydrophilicity of the PSU/GO membrane decreased the interactions between bio-contaminants and the membrane surface, leading to decreased contaminant adsorptions or being able to remove the fouling layers more easily [32] [33] . Additionally, these experimental results indicated that the antifouling performance of the PSU/GO ultrafiltration membrane was improved by the hydrophilic nature of the GO layer. Results of the ultrafiltration membranes are summarized in Table 2 . In addition, the lifetime and durability of PSU/GO should be an important factor to apply conventional ultrafiltration system. Therefore, the lifetime and durability would be further investigated in the future.
Conclusions
This paper described the development of novel PSU/GO ultrafiltration membranes with enhanced antifouling properties. The membranes were easily prepared by phase inversion and a vacuum-assisted filtering method. The hydrophilic layer of the GO was employed as a pre-filter to improve the hydrophilicity of the PSU membrane. The prepared membranes showed improved antifouling performance. This new route to enhancing the hydrophilic character of the surface of polymer membranes offers great potential of PSU/GO membranes as a new type of antifouling ultrafiltration membrane.
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